Interest in clinical fetal electrocardiography dates back to 1906 when Cremer4 published two tracings apparently showing fetal deflections of about 0.5 mm. amplitude superimposed on the maternal electrocardiogram of a nine-months gravid woman. The records were obtained with a string galvanometer electrocardiograph with one lead on the abdomen and one in the vagina. During the next 25 years Foa7 and Krumbhaar"4 each reported a similar result in a single case, while Sachs20 and Haynal and Kellner"0 admitted failure in their fairly extensive experiments.
No further progress occurred until 1930 when Maekawa and Toyoshima"5 designed a valve amplifier which, when used with a string galvanometer, yielded an instrument with sufficient sensitivity to record the action current in excited nerve, and with this apparatus they obtained a fetal electrocardiogram by leading from the abdomen of a woman in labor. Their illustration is deficient in clarity, but it appears to reveal fetal waves of about 3 mm. amplitude. In 1938 Bell,2 working with an amplified thermionic valve electrocardiograph, obtained definite fetal deflections of several millimeters amplitude with abdominal leads in 10 of 35 women in the last two months of pregnancy. In the same year Johnson12 accidentally recorded tiny deflections, apparently of fetal origin, in the standard electrocardiogram of a woman at term. The amplification technics employed by Maekawa and Toyoshima and by Bell marked a distinct advance, but the character of the apparatus required was disadvantageous for the general application of the procedure.
These widely scattered observations served at least to demonstrate that prenatal electrocardiography offered opportunity for further practical development.
Until very recently, the chief work of clinical importance, as judged by the incidence of positive results, was that of Strassmann and his associates.24 25 26 27 They used an ordinary string galvan-ometer electrocardiograph without amplification and applied the electrodes to the extremities near the trunk. With meticulous attention to details aimed at the elimination of baseline tremor from somatic muscle movement, they recorded tiny fetal deflections, usually less than 1 mm. in amplitude, in 87 per cent of the records obtained from 52 females in the last 70 days of pregnancy. Dressler and Moskowitz,5 using the same technic, obtained positive fetal electrocardiograms in 80 per cent of 40 women within 67 days of term. More recently Mann and Bernstein"6 reported even better results with an amplifier type of conventional electrocardiograph and with abdominal leads instead of limb leads. They obtained tiny, but definite, fetal deflections in 90 per cent of 40 subjects in the last trimester of pregnancy, and a few tracings were found positive near the end of the fourth month of gestation. The very small and sometimes almost imperceptible deflections obtained by these workers, and also by us in similar preliminary experiments, 8' 9, 19 seemed inadequate representations of fetal electrocardiograms which might easily be overlooked in baseline tremor or simulated by artifacts, as will be shown later.
The availability of a simple and portable amplifier-type electrocardiograph seemed to us, several years ago, to offer a solution to the difficulty of recording a more satisfactory fetal electrocardiogram, for, by interposing a pre-amplifier between the patient and the electrocardiograph, fetal deflections of larger amplitude were to be anticipated. A pre-amplifier was accordingly constructed, and its employment in the manner indicated promptly established the adequacy of the technic in gravid subjects8' Iin whom, by means of abdominal leads, the fetal electrocardiogram emerged as a more readily recognizable deflection which was sometimes more than a centimeter in amplitude. Bernstein resistance-coupled pre-amplifier of simple design and inexpensive construction,** with an outside measurement of 9 X S X 7 inches and a total weight of 12 pounds. The pre-amplifier circuit, illustrated in Fig. 1 , increased the over-all sensitivity of the recording apparatus approximately 20-fold; four lower degrees of sensitivity (2, 4, 8 , and 12 cm./mv.) were also available by simple manipulation of an amplification switch. Subsequently a 0.01 microfarad series condenser was placed in the output of the pre-amplifier (in the lead marked L A) to eliminate undulations of the baseline of maternal respiratory origin that were troublesome in the earlier experiments.
Two ordinary disc electrodes of 3 cm. diameter were placed on the abdomen and held lightly in place either by hand or by means of perforated rubber belts which lightly encircled the patient's abdomen. The electrode at the upper pole of vertical or diagonal leads, or at the right hand pole of horizontal leads, was connected with the right arm lead cable of the pre-amplifier, while the other abdominal electrode was connected with the left arm lead cable; a third electrode, placed on the left leg, was connected with the left leg cable to minimize interference pick-up. The electrodes were so placed as to "span" the uterus, when palpable; in early pregnancy the upper electrode was placed just below the level of the umbilicus. Electrode jelly was found definitely superior to salinesoaked gauze as a contact medium. The lead wires of the electrocardiograph were plugged into proper jacks on the side of the amplifier. The arrangement of the apparatus and patient is illustrated in Fig. 2 Table 1 that the anterior abdominal leads  I, II, and III and the epigastric lumbosacral lead XIII were most  successful late in pregnancy, but for convenience leads I, II, and III were adopted for routine use, and in the electrocardiograms represented in Table 1 Vaginal-abdominal leads were tried in conjunction with the three routine abdominal leads in seven cases. The vaginal electrode was a copper disc, 2 cm. in diameter, to which was soldered the insulated and shielded wire of the lead cable. The electrode was attached to the gloved finger by means of an elastic band, and after lubrication with electrode jelly it was placed under direct guidance on either the posterior cervical lip or the anterior vaginal wall; the other paired electrode was placed over the region of the fundus of the uterus. As may be seen from Fig. 3 , vaginal-abdominal leads do yield fetal electrocardiograms of considerable size, but they showed no superiority to the abdominal leads simultaneously recorded, and the persistent and pronounced baseline tremor made them appear less satisfactory than abdominal leads. Nor did use of the vaginal-abdominal lead yield fetal electrocardiograms any earlier than with abdominal leads in two cases studied.
Results
Normal series. One hundred and eighty-one electrocardiographic examinations were made on 154 gravid subjects who were selected only in that patients in the first two trimesters of pregnancy were favored because of special interest in recording the prenatal electrocardiogram as early in pregnancy as possible. The subjects ranged from 16 to 45 years of age, approximately half were primiparae, and all body types were included without discrimination. Only one examination was made in the majority of the cases. Table 2 summarizes the results in the normal series, which is composed of two groups: the large group, with normal spontaneous deliveries; and the small group, where the deliveries were operative, medically induced, or are still awaited at the time of this writing. The earliest fetal electrocardiogram was obtained 23 weeks before term (Fig. 4) , at which period of gestation six other records were also positive. In the last three lunar months all tracings showed the fetal waves except those of six patients, three of whose records contained too much artifact to be readable. Positive results for the entire group after the time of the earliest record was 87 per cent. Representative tracings at various stages of pregnancy are illustrated in Fig. 5 (vide itfra) have revealed that such fully formed electrocardiograms of the "adult type" are already present at least as early as the seventh week of embryonic life. The more complete recording of the fetal electrocardiogram before birth awaits further improvements in technic. Until then we can only say that the prenatal electrocardiogram as obtained by leading from two points on the trunk of the mother is usually a sharp spike ranging at least up to 14 mm. in amplitude (70 microvolts) and with a duration usually of from 0.02 to 0.04 seconds. The direction of the deflection is determined by the manner in which the leads are derived and by the position of the fetus.
Case problems. As examples of the variety of clinical problems in which prenatal electrocardiography has proved helpful in our experience, the following cases are briefly cited:
1. A primipara with vaginal bleeding in the fifth lunar month also developed toxemic manifestations. No fetal movements had been felt, and no fetal heart was heard. The A-Z test was positive, and threatened abortion was considered. Because the electrocardiogram showed no fetal waves, and because the X-ray film disclosed a pelvic mass without evidence of fetal skeleton, hydatidiform mole was suispected and subsequently proved at hysterotomy.
2. A multipara in the eighth month of pregnancy developed "spotting" and uterine cramps. Although no fetal movements were perceived, and no fetal heart sounds were heard, the electrocardiogram proved the presence of a living fetus. The patient was treated conservatively by complete bed rest, and the pregnancy was continued. The fetal heart was still inaudible when the patient was sent home.
3. A primipara developed mild toxemia in the seventh month, along with "spotting" and uterine cramps. A typical fetal electrocardiogram was obtained. A monster weighing 1120 grams was delivered shortly afterward and survived two hours.
4. A primigravida, 9 weeks from term, developed a rapidly increasing toxemia. For two days no fetal movements had been felt, and the fetal heart was not heard. Opinions about terminating pregnancy were at first divided, but decision was later influenced by our failure to obtain positive fetal electrocardiograms in otherwise satisfactory tracings on two successive days. Labor was induced and a macerated fetus was delivered.
5. A multipara in early labor had not felt fetal movements for several days, and the fetal heart was inaudible. The question of fetal life was answered reassuringly by the demonstration of fetal deflections in the electrocardiograms, and a normal spontaneous delivery ensued. 6 . A primipara near term developed toxemia, heart failure, and psychosis. Two electrocardiograms showed much distortion and baseline tremor but no definite fetal waves. However, a normal baby was delivered by Cesarean section shortly afterward. This experience illustrates the caution that must be observed in passing judgment on fetal life when the tracing is negative, and particularly when it is technically unsatisfactory.
7. A primipara at term had felt no fetal movements for two days, but one of several observers thought the fetal heart was audible. The electrocardiogram showed no fetal waves. A 3400-gram stillborn baby with 7 YALE JOURNAL OF BIOLOGY AND MEDICINE erythroblastosis fetalis, dead for at least two days, was delivered shortly thereafter.
8. A multipara ceased to feel fetal movements one week before term. Several days later an examination disclosed no fetal heart sounds, and there was suggestive crepitation of the fetal head. X-ray examination in the ninth month had revealed an apparently normal fetus. The electrocardiogram, in showing no fetal deflections, confirmed the impression of dead fetus, and a macerated stillborn baby was delivered with the umbilical cord tightly knotted around its neck.
9. A woman whose first pregnancy had been terminated because of toxemia developed toxemia again in the seventh month of her second pregnancy. Termination of pregnancy was advised, but was rejected by the patient on religious grounds. No fetal movements had been felt for two weeks prior to subsequent hospitalization for vaginal bleeding and uterine cramps. After admission to the hospital, the fetal heart was inaudible and the electrocardiogram contained no fetal deflections. Six hours after the tracing had been obtained a macerated fetus was spontaneously delivered.
10. Routine antepartum examination of a primipara a month from term disclosed unusually faint, rapid, and irregular fetal heart sounds, and the question of fetal distress was raised. An electrocardiogram, however, showed typical fetal waves of fairly large size with sinus arrhythmia (rate varying from 130 to 140 within a space of 4 to 5 beats). This is not unusual. A normal baby was subsequently delivered.
11. A multipara, who had had one Fallopian tube and all but onequarter of her ovarian tissue removed at a previous operation, developed slight but persistent bleeding in the fifth month. No fetal life had been felt at all, and no fetal heart was heard. Hydatidiform mole was suspected, but the electrocardiogram gave unmistakable evidence of a living fetus.
Diagnosis of multiple pregrnancy. The use of the electrocardiographic technic in the diagnosis of multiple pregnancy has been demonstrated by tracings showing more than one set of fetal deflections in each of two cases of twins within two months of term, and in a case of triplets seven weeks from term; in the latter case the tracing showed two sets of fetal deflections definitely, but the third only suggestively. Two cases that proved to be twin pregnancies revealed only single fetal hearts in the electrocardiograms taken in the 21st and 19th weeks before term, respectively.
The possibility of overlooking or missing multiple pregnancy in the electrocardiogram is not inconsiderable, particularly since in any one lead the position of the fetus might be relatively unfavorable for the lead employed, and the smaller set of deflections might A record of twins, showing the oppositely directed deflections of the two fetuses, is illustrated in Fig. 7 .
While we have not yet had the opportunity of studying a case of multiple pregnancy prior to the seventh month of gestation, the now successful recording of the fetal action current from the fourth month onward should make possible the diagnosis of twins earlier than is now possible by auscultation or roentgenography.
Fetal heart rate in relation to duration of pregnancy. Contrary to the observations of others3 we found no progressive decline of the average fetal heart rate as pregnancy advanced from the fourth month to term. In fact, no correlation between fetal heart rate and age could be demonstrated either graphically (Fig. 8) or by calculation of the correlation coefficient.
Even during labor the average fetal heart rate of 145 (range 125 to 168) was practically identical with the antepartum average rate of 147 (range 117 to 164) through the last six months of gestation (see Table 3 ). Fetal heart rate in relation to maternal heart rate. We confirm the observation of Bernstein and Mann' that no direct relationship between fetal and maternal heart rates, such as has been claimed by Dressler and Moskowitz,5 existed in 100 cases studied (Table 3 and Fig. 8 ). Fetal heart rate in relation to sex. Popular opinion to the contrary, the average heart rate for male and female fetuses was practically identical (145 and 143 respectively) and has no apparent value in sex differentiation.
Electrocardiographic diagnosis of fetal position. Because more or less marked differences between the fetal wave amplitudes in the three routine abdominal leads were almost always observed, it seemed promising to inquire whether these differences were related to fetal position in reference to the lead derivations. Records were therefore taken on 18 patients during the course of labor (between pains) after the fetal head had become engaged, and after the cervix had begun to dilate. The positions of the fetuses were ascertained before birth by abdominal palpation, by locating the maximum fetal heart sounds, by rectal examination, and in three cases by vaginal examinations necessitated because of abnormal labor; proof of the fetal position was established at delivery. The results of this study are presented in Table 4 .
It is seen that there was a distinct tendency for left occiput presentations to be associated with fetal deflections of greater amplitude in lead I than in lead II, while right occiput presentations were associated with larger fetal waves in lead II than in lead I. Lead III usually yielded waves of greater amplitude than either of the other two leads regardless of whether the occiput was directed to the right or to the left. This last finding was not unexpected, since lead III is in the vertical plane. However, the above relationships were not absolute, for discrepancies were apparently present in two cases (Table 4 , Nos. 12 and 15), while in two others (Table 4 , Nos. 3 and 16) there was no significant difference between the fetal wave amplitudes in leads I and II. These discrepancies might be explained on the basis that the axis of the fetal heart corresponds more exactly with the position of the fetal body than of the fetal head, and that the body may be in a plane different from the coronal plane of the head. Thus, in case No. 12 the fetus appeared by every clinical method of examination to be in the left occiput presentation, yet at delivery external rotation was to the right, and the diagnosis of right occiput anterior presentation was made. Still, the direction of external rotation is not always correctly indicative of the prenatal position of the fetus; for instance, if the shoulders of a fetus presenting its occiput to the left and anteriorly were to I I enter the pelvis during the second stage of labor in the position usually assumed by a fetus in occiput right anterior position, external rotation would be to the right, and diagnosis at delivery would be occiput right and anterior.
In four patients electrocardiograms obtained with anteriorposterior leads (lumbosacral-right lower quadrant, left lower quadrant, or pubis) were recorded along with the usual three abdominal leads to determine whether such lead derivations possessed any advantage in distinguishing between anterior and posterior presentations of the occiput. Records so obtained were, in the first place, obviously inferior to the abdominal leads in recording the fetal action current, and secondly, the deflections obtained were similarly directed in both anterior and posterior presentations of the occiput. Further study was therefore abandoned.
Thus, while the position of the fetus in relation to the lead-off points usually influences significantly the size and recordability of the fetal electrocardiogram, no practical information superior to that offered by the usual clinical examination concerning the position of engagement of the fetal head resulted from this study. It is noteworthy, however, that the fetal deflections were consistently directed downward or occasionally diphasic in all cases of cephalic presentation and, as was anticipated, in our one case of proven breech presentation the fetal deflections were upright (Fig. 9) .
Amplitiude of the fetal electrocardiogram in relation to the age and size of the embryo. Our failure to detect the fetal action current in numerous trials prior to the fourth month of pregnancy, and the signal success achieved thereafter, might suggest that the size of the fetus, as a manifestation of embryological age, may be the determining factor not only in the initial detection of the action current, but also in the amplitude of the deflections obtained at various later stages of pregnancy. Dressler and Moskowitz5 believed that there was a definite relationship between the size of the fetus and the number of positive electrocardiograms obtainable.
Our tracings showed that except for very near term, when the average amplitude of the fetal deflections became suddenly relatively large, there was no consistent progression in size of the fetal wave amplitude as pregnancy advanced (Table 5) . Nor was there any correlation between fetal wave sizes at term and the birth weights in the same cases (Table 4) . Amplitude of fetal electrocardiogram in relation to maternal size. It is generally believed in clinical electrocardiography that the character and relations of the tissues surrounding the heart have a significant influence on the voltage of the electrocardiogram, and Mann and Mayer"7 have recently shown that fetal electrocardiograms taken directly from the surface of the uterus before Cesarean section are of considerably greater amplitude than are those taken from the surface of the abdomen just before operation. Moreover, an electrocardiogram taken immediately after delivery represented an action current approximately 60 times greater than that obtained from the surface of the patient's abdomen late in labor (Figs. I Oc and 1 Od). The influence of the thickness of the woman's abdominal wall in shielding the fetal action current was therefore investigated by comparing the size of the fetal wave with a factor combining weight and height of the mother. Contrary to our expectations and impressions, Table 6 shows clearly that no close correlations existed. The obese patient seems just as likely as the thin subject to allow the satisfactory recording of the fetal electrocardiogram. Table 5 .
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t The index was obtained by dividing the height (inches) by the weight (pounds). This was thought to be more indicative of the general stature and, adiposity of each patient than was the weight or height alo-ne.
Discussion
It is curious that prenatal recording of the fetal electrocardiogram has not been successful in the first trimester, yet it is known6' 11, 18 that fetal cardiac potentials of considerable magnitude may be obtained with direct leads from aborted human fetuses, and we have confirmed these observations in two embryos estimated to be 7 and 8.5 weeks old, respectively (Fig. 1 ib) . Why are these apparently adequate action currents not detectable from the abdominal surface during this early period? One significant factor may be the shielding effect of the fetal membranes and the amniotic fluid, for it was observed that an electrocardiogram could not be obtained with direct leads from the intact membranes, while satisfactory tracings were recorded in the same instances with direct leads placed upon the rump and head of the embryos after the membranes had been removed (Fig. 11 a) . We believe that the amniotic fluid is primarily concerned in causing a large decrement in the conduction of the fetal action current. Although satisfactory fetal electrocardiograms were obtained through the last two trimesters from a patient who proved to have marked hydramnios, the ratio of amniotic fluid volume to fetal mass in the terminal period of pregnancy is still relatively small, even in the presence of hydramnios, while in the first few months the ratio is very large. From Arey's data1 it 14 appears that in the second month the amniotic fluid weighs about 25 times as much as the embryo, while at term it weighs only one-third as much as the normal average newborn. Other plausible but unproved factors which may be operative in itfluencing the conduction of the action current to the abdominal surface may indude the following: (1) rapid growth of the fetus before the fourth month with associated approximation of the enlarging uterus and the abdominal wall; (2) the interposition of other tissues such as abdominal fat, placenta, a full bladder, or a twin; (3) the axis of the fetal heart in relation to the leads, as already discussed.
It is obvious from a perusal of the illustrations that another limiting factor in the success of our technic is a baseline disturbance with fine and irregular waves of rapid frequency which tends to obscure the fetal electrocardiogram when it is very small. Study of this irregularity revealed it to be composed of artifacts from four main sources: (1) phasic somatic muscle activity near the electrodes (Fig. 12a) , which was most pronounced in tracings taken on excitable or apprehensive patients; (2) amplifier "noise" causing a baseline movement of only about 2 microvolts amplitude, as shown in records obtained when the exploring leads were short-circuited with one another (Fig. 12b) ; (3) slight external electrical disturbances from known (alternating current) and unknown sources (Figs. 12c and 12d) which could undoubtedly be eliminated by more adequate shielding of the apparatus; (4) movements of the uterus and fetus (Figs. 12e and 12f) .
The employment of amplification greater than that available in the unmodified "Cardiette" electrocardiograph may raise the objection that the troublesome baseline irregularities are correspondingly increased. However, the clear advantage of amplification of the order of magnitude of 20 cm. per mv. was illustrated by several experiments. Records were taken on two pregnant women with the "Cardiette" alone at a sensitivity of 2 cm. per mv., and with the "Cardiette" and pre-amplifier at sensitivities of 8, 12, and 20 cm. per mv. The three routine abdominal leads were employed, and the successive tracings were recorded at the several sensitivities without disturbing the electrodes. Figure 13 illustrates records obtained in a case of twins at term. There was not only a pronounced loss in amplitude of the fetal deflections as sensitivity was reduced, but also there was a complete disappearance of the electrocardiogram of one 15 fetus at the two lower amplifications. It appears, therefore, that the use of apparatus with a sensitivity of less than from 12 to 20 cm. per mv. fails to detect some fetal electrocardiograms which are recordable at these htgher amplifications.
After 30 years in which the prenatal detection of fetal heart action by graphic methods enjoyed relatively little clinical development, the past few years have seen rapid progress in this field in several directions, not only with the electrocardiograph but also by means of the electroencephalograph, the cardiophonograph, and the stethograph. Both the cardiophonograph2" 22 and the stethograph5' 21, 22 have successfully recorded the fetal heart sounds as early as the fifth month of pregnancy. Similar in principle to the electrocardiograph is the electroencephalograph with which both Ward and Kennedy28 and we ( Fig. 14) have recorded the action current of the fetal heart with electrodes placed on the abdomen of the pregnant woman. As with the electrocardiograph, positive results were obtained as early as the 18th week of pregnancy. Inasmuch as the electroencephalograph offered an apparatus with a sensitivity of 50 cm. per mv., as against a sensitivity of 20 cm. per mv. attained with the use of our pre-amplifier and electrocardiograph, we* made serial examinations in two women at approximately weekly intervals during the fourth and fifth months of pregnancy in order to determine whether the higher sensitivity and the more readily modifiable electrical characteristics of the electroencephalograph possessed any advantage in earlier detection of the fetal action current or in more adequately recording the features of the fetal electrocardiogram. In neither respect did the electroencephalograph prove superior, although the fetal waves, when they appeared abruptly in both types of tracings (Fig. 14) , were larger as recorded by the electroencephalograph.
The practical application of fetal electrocardiography in obstetrics is not primarily in the diagnosis of pregnancy, for the biological tests answer this question even earlier and with fewer false negative results, but rather in the ability of a positive electrocardiogram to reveal immediately that the fetus is alive when fetal movements and heart sounds are imperceptible. In this respect a positive electrocardiogram is more significant than a positive biological test, for the *The electroencephalographic tracings were taken by Dr. In concluding, one may speculate on future developments in fetal electrocardiography. The effects of drugs, anoxia, toxemia, anesthesia, and labor upon the fetal heart action would appear conveniently studied by this method. Further refinements in technic, with perhaps ultimate adequate demonstration of P, QRS, and T waves, must be achieved before A-V block and the important deformities of the QRS, S-T, and T portions of the electrocardiogram become susceptible to study. More important would be the detection of the action current of the fetal heart in utero during the second and third months of gestation, since we know that an adequate electrocardiogram is already present at this time, and it is in this period that the problem of ectopic gestation is most troublesome. Such further development appears to be largely a technical matter and offers a challenge to ingenuity. No correlations were found between fetal heart rate and such factors as duration of pregnancy, maternal heart rate, or sex of fetus.
The amplitude of the fetal electrocardiogram bore no relation to maternal size or to the age and size of the embryo except very near term when the fetal deflections usually became suddenly larger.
The electrocardiographic diagnosis of fetal position was fairly successful with the abdominal lead combinations employed, but revealed no advantage over usual clinical methods.
The physical concepts involved in the technic and the possibilities of further development are discussed. FIa. 11. Direct lead (occiput to rump) tracings from a fetius of 8.5 weeks gestation (30 mm.) removed at hysterectomy. Record a, taken with tile amnion intact, shows no fetal complexes. Record b was taken after the amlnion had been broken, allowving the leads to be placed directly on the fetus. P, QRS, and suggestive T waves are visible. Heart rate of 68/iymin. 
